Density-functional theory calculations are used to verify the atomic structure of the √ 3× √ 3 silicene phase grown on the Ag(111) surface. Recent experimental studies strongly suggested that the previous double-layer silicene model should be replaced with a Ag-mixed double-layer model resembling the top layers of the Ag/Si(111)-( √ 3× √ 3) surface. In our calculations, the Ag-mixed doublelayer model is indeed energetically favored over the double-layer silicene model and well reproduces the reported scanning-tunneling microscopy and spectroscopy data. Especially, the structural origin of the experimental band structure is clarified as the top Ag-Si mixed layer, unlike the experimental interpretations as either a silicene layer or the Ag(111) substrate.
I. INTRODUCTION
Silicene, a monolayer of Si atoms arranged in a honeycomb lattice, has attracted great attention as a new Dirac-type electron system similar to graphene [1] [2] [3] [4] [5] . One practical way of preparing silicene is to grow it on metallic or half-metallic substrates such as ZrB 2 (0001) [6] , Ir(111) [7] , and Ag(111) [8] . Recent studies have been focused on the silicene fabricated on Ag(111) by thermal deposition of Si, exhibiting a variety of structural phases including 3×3 [9] [10] [11] , √ 3× √ 3 [12] [13] [14] , and √ 7× √ 7 [15] [16] [17] with respect to the silicene unit cell, depending on the growth temperature and Si coverage.
Particularly interesting is the √ 3× √ 3 silicene phase grown on Ag(111). This phase has been highlighted with exotic physical properties such as Dirac fermion charge carriers [12] , temperature-induced structural transition [13] , and superconductivity [14] , but its atomic structure remains controversial. Chen and co-workers [12, 13] first proposed a single-layer silicene model, but it was questioned by scanning tunneling microscopy (STM) [18] [19] [20] and atomic force microscopy (AFM) [20] studies, in which the measured topographic heights imply a double-layer thickness of the silicene. A quantitative double-layer silicene model (see Fig. 1 ) was soon provided by Guo and Oshiyama by means of density functional theory (DFT) calculations [21] .
This double-layer silicene model, however, was not supported by a low-energy electron diffraction (LEED) study of Shirai and co-workers [22] : Their LEED data could not be explained by the double-layer silicene model, but instead were similar to that of the Ag/Si(111)-(
surface is well known for the Ag-induced surface reconstruction, referred to as the inequivalent-triangle model [23] , in which Ag atoms effectively replace the surface Si atoms with dangling bonds. Therefore, Shirai and co-workers [22] suggested that the top part of the silicene double layer should be replaced with Ag atoms to resemble the adsorption struc- Fig. 1(b) . Interestingly, Mannix and coworkers [24] also independently reached the same mixed double-layer (MDL) picture from the similar STM images between the √ 3× √ 3 silicene phase on Ag(111) and the Ag/Si(111)-( √ 3× √ 3) surface. The energetical, microscopic and spectroscopic tests of the experimental MDL model, however, is yet to be done.
In this paper, we use DFT calculations to examine the MDL model for the √ 3× √ 3 silicene phase grown on Ag(111). The MDL model is found to form a stable adsorption structure on the Ag(111) substrate, which is energetically favored over the earlier double-layer silicene model. The MDL model is also sound both microscopically and spectroscopically: Its electronic structure accounts well for the measured STM images and band structures.
II. METHOD
We perform DFT calculations using the Vienna ab initio simulation package [25] within the Perdew-BurkeErnzerhof generalized gradient approximation [26] and the projector augmented wave method [27, 28] . The Ag(111) surface is modeled by a periodic slab geometry with five atomic layers and a vacuum spacing of about 19Å. Si and Ag atoms are incorporated on the top of the Ag(111)-(4×4) slab unit cell, a supercell commensurating with the silicene-( √ 3× √ 3) lattice [29] . The calculated value 2.938Å is used as the bulk Ag-Ag bond length, which is in good agreement with the experimental value 2.892Å [30] . We expand the electronic wave functions in a plane-wave basis with an energy cutoff of 250 eV. A (6×6×1) k-point mesh is used for the (4×4) Brillouin-zone integrations. All atoms but the bottom two Ag layers are relaxed until the residual force components are within 0.02 eV/Å. The used slab and vacuum thickness, plane-wave energy, and k-point mesh were found to produce sufficiently converged results for the MDL model: the formation energy and the interatomic distances converge well within 0.05 eV and 0.02Å, respectively. We compare the energetics between different models by estimating the relative formation energy, defined by ∆E = E 1 −E 0 −∆n Ag µ Ag −∆n Si µ Si , where E 1 (E 0 ) is the total energy of a particular model (a reference model), ∆n is the number difference of the specified atoms relative to the reference model, and µ is the calculated bulk chemical potential for the specified atom.
III. RESULTS Figure 2 shows two energetically-degenerated MDL structures under consideration, which were well established in the Ag/Si(111)-( √ 3× √ 3) system [23] . The MDL structure is characterized by two inequivalent Ag triangles, and the MDL ′ structure is distinguishable with the mirror-symmetric conversion of the two Ag triangles. The MDL and MDL ′ structures can be transformed to each other by relatively small displacements of the top Ag (∼0.5Å) and Si (∼0.3Å) atoms. We calculated the corresponding energy barrier by using the nudged elasticband method [31] that allows an effective search for the lowest-energy path for a multi-atomic structural transition. The result is as low as 66 meV per √ 3× √ 3 silicene unit cell. This low energy barrier and the resulting thermal fluctuations will be discussed below in accounting for the STM feature that the √ 3× √ 3 silicene phase on Ag(111) appears differently at above 40 K from two distinct mirror-symmetric images at lower temperatures [13] . Table I summarizes the structural details of the MDL model shown in Fig. 2(a) . The Ag-Ag (3.01Å) and Si-Si (2.54Å) bond lengths and the Ag-Si (0.69Å) and Si-Si ′ (2.32Å) layer spacings compare well with those (3.00, 2.58, 0.72, and 2.29Å, respectively) of the inequivalenttriangle Ag/Si(111)-( √ 3× √ 3) surface [23] . The mixed double layer is separated by 2.26Å from the Ag(111) substrate. The resulting Si-Ag bond lengths of about 2.56Å implies a covalent bonding between Si and Ag atoms in view that the covalent radii of Si and Ag are 1.11 A and 1.45Å [32] , respectively, as was already argued by Guo and Oshiyama in their DFT study of the doublelayer silicene model [21] .
The MDL model is more stable in energy than the double-layer silicene model of Guo and Oshiyama [21] . Its lower formation energy by 1.02 eV per √ 3× √ 3 silicene unit cell is possibly attributed to the removal of Si dangling bonds by Ag substitution for the top-layer Si atoms. On the other hand, the MDL model has 0.66 eV higher formation energy than the well-established 3×3 single-layer silicene phase [9] , supporting the experimental finding that, as increasing the Si coverage, the √ 3× √ 3 silicene phase appears after covered with the 3×3 phase [33] .
The MDL model accounts well for the apparent height difference in STM and AFM topographs between the √ 3× √ 3 and the 3×3 silicene phases on Ag(111) [18] [19] [20] . In our calculations, the topmost layer of the present MDL model is 3.14Å higher than that of the 3×3 single-layer silicene structure [9] , which compares well with the AFM measurement of 3.0Å [20] and the STM measurement of 2.2Å [18, 19] . Somewhat smaller STM result may possibly reflect different surface electronic structures of the two phases. Figure 3(a) shows the simulated STM images of the two mirror-symmetric MDL structures shown in Fig. 2 . Both images feature two superposed hexagonal arrays: one with bright spots and the other with weaker spots, representing the centers of small and large Ag triangles, respectively. Here, the top-layer Si triangles appear dark in both images. It is experimentally known that the √ 3× √ 3 silicene phase shows two mirror-symmetric configurations separated by narrow domain boundaries at low temperatures below 40 K [13] . The STM images measured at 5 K, representing two different domains, indeed compare well with our simulations. At elevated temperatures, however, thermal fluctuations may take place between the two mirror-symmetric (MDL and MDL ′ ) structures. Figure 3(b) shows the superposition of the two mirror-symmetric images, appearing as a prominent honeycomb array, which compares well with the STM image taken at 77 K [13] . The experimental honeycomb image appears more symmetric than the simulation possibly due to the rounding effect of thermal fluctuations. Figure 4 shows the calculated band structure of the MDL model in comparison with scanning tunneling spectroscopy (STS) measurements [13, 18] . While Chen and co-workers [13] reported an almost linear band (denoted by open squares) and attributed its origin to the silicene layer, Arafune and co-workers [18] claimed that their STS band (denoted by filled squares) must be described by a parabolic function and originates from the Ag(111) substrate. In our layer-resolved band analysis, however, the experimental bands could be related to neither the Si ′ and Si ′′ layers of the mixed double layer nor the Ag(111) substrate, as seen in Fig. 4(a) . They instead can be related to the Ag and Si mixed layer although the calculated band character appears rather weak possibly due to the resonance mixing with the broadly-spread bulk states steming from the Ag(111) substrate. In order to clarify the band picture of the Ag and Si mixed layer, we examined the band structure of the isolated MDL structure, the bottom of which is now terminated by H atoms instead of the Ag(111) substrate. Here, as shown in Fig.  4(c) , the Ag and Si mixed layer produces a prominent surface band near the Fermi level, exhibiting a nearly parabolic shape. A parabolic fitting to the bottom part (below 0.2 eV) results in an effective mass of 0.11m e (m e is the mass of free electron), comparable to the experimental value 0.14m e reported by Arafune and co-workers [18] . In the range of 0.2-1.0 eV, the band shows an almost linear dispersion, and the calculated velocity of 0.84×10 6 m/s also compares well with the experimental value 0.97×10 6 m/s reported by Chen and co-workers [13] . Therefore, the present MDL model not only reproduces the experimental band structure but also corrects the previous misinterpretations of the band origin: It is not from either a silicene layer or the Ag(111) substrate, but from the top Ag-Si mixed layer.
In light of the present confirmation of the MDL model, it is noticeable that a recent STM study refuted the possibility of Ag segregation to the top silicene layer. In their STM study of √ 3× √ 3 multi-layer silicene films grown on Ag(111) [34] , Chen and co-workers applied bias pulses to the tip on the surface, thereby removing a part of the surface layers beneath the tip at liquid nitrogen temperature. Interestingly, the underneath exposed layer (supposed to be a pure silicene layer) also showed a similar √ 3× √ 3 STM image to the top layer, and they inferred from the similar STM images that the top layer is also a pure silicene layer. It should be mentioned, however, that the similar STM images do not necessarily guarantee the identical atomic structures. In fact, the double-layer silicene model by Guo and Oshiyama [21] and the present MDL model are equally compatible with the experimental √ 3× √ 3 honeycomb image [13] . So, the top mixed layer and deeper pure silicene layers could also be compatible with the reported STM observations of Chen and co-workers [34] . Only the comparison of the STM images is not yet sufficient for a definite chemical and structural assignment. 
IV. SUMMARY
The present DFT calculations confirmed the experimentally-proposed mixed double-layer model for the √ 3× √ 3 silicene phase grown on Ag(111) by demonstrating that it is energetically sound and well reproduces the reported STM images and STS band structures.
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